In most eucaryote cells, release of apoptotic proteins from mitochondria involves fission of the mitochondrial network and drastic remodelling of the cristae structures. The intramitochondrial dynamin OPA1, as a potential central actor of these processes, exists as eight isoforms resulting from the alternate splicing combinations of exons (Ex) 4, 4b and 5b, which functions remain undetermined. Here, we show that Ex4 that is conserved throughout evolution confers functions to OPA1 involved in the maintenance of the DW m and in the fusion of the mitochondrial network. Conversely, Ex4b and Ex5b, which are vertebrate specific, define a function involved in cytochrome c release, an apoptotic process also restricted to vertebrates. The drastic changes of OPA1 variant abundance in different organs suggest that nuclear splicing can control mitochondrial dynamic fate and susceptibility to apoptosis and pathologies. Mitochondrial membrane dynamics, involving both the fusionfission of the mitochondrial network and remodelling of cristae structures, are essential processes in cellular adaptation to changes of growth condition and programmed cell death.
, L Baricault 1 , C Delettre 2 , P Belenguer 1 and G Lenaers* , 1, 2 In most eucaryote cells, release of apoptotic proteins from mitochondria involves fission of the mitochondrial network and drastic remodelling of the cristae structures. The intramitochondrial dynamin OPA1, as a potential central actor of these processes, exists as eight isoforms resulting from the alternate splicing combinations of exons (Ex) 4, 4b and 5b, which functions remain undetermined. Here, we show that Ex4 that is conserved throughout evolution confers functions to OPA1 involved in the maintenance of the DW m and in the fusion of the mitochondrial network. Conversely, Ex4b and Ex5b, which are vertebrate specific, define a function involved in cytochrome c release, an apoptotic process also restricted to vertebrates. The drastic changes of OPA1 variant abundance in different organs suggest that nuclear splicing can control mitochondrial dynamic fate and susceptibility to apoptosis and pathologies. Mitochondrial membrane dynamics, involving both the fusionfission of the mitochondrial network and remodelling of cristae structures, are essential processes in cellular adaptation to changes of growth condition and programmed cell death. [1] [2] [3] The outer and inner mitochondrial membrane (OMM and IMM) dynamics crosstalk and involve large GTPases: respectively, the mitofusins Mfn1 and Mfn2 4,5 and the dynamin-related DRP1 6 on the OMM, and the dynaminrelated OPA1, localized in the inter membrane space (IMS). 7 Mitochondrial fission is tightly associated to the apoptotic process, and physical and functional interactions between apoptotic proteins including Bcl2-homologue domains and DRP1 and mitofusins have been identified. 8 In addition, BH3-only proapoptotic proteins, exemplified by tBid and Bik, might act directly on the IMM structure, although their intramitochondrial target remains unknown. 3, 9 Further crosstalk between the OMM and the IMM is exemplified by the OMM fission and fusion regulation by the mitochondrial membrane potential (DC m ) 10 and structural integrity 11 and by interaction between OPA1 and Mfn1. 12 The IMM forms, an architecturally complex structure, that has been reconsidered recently in the light of tomography analysis associated to transmission electron microscopy (TEM). Indeed, tubular inner membrane junctions, called cristae junctions, have been evidenced between the IMM facing the OMM and the vesicular-shaped cristae. 13 In vertebrate cells, during the apoptotic process, the cristae junction topology is drastically modified to mobilize cytochrome c (cyt c) from the intracristae compartment to the IMS, before its extensive release in the cytoplasm. 3, 9 How this process is physically controlled and related to the OMM dynamic remains unknown. We and others have shown that OPA1 is a good candidate for the regulation of the cristae structure in the mitochondria. 11, 14 Indeed, downregulation of OPA1 affect the IMM structure and integrity, leading to respiration defects and DC m loss, fission of the mitochondrial network, impairment of growth and apoptosis 11, [14] [15] [16] [17] [18] and OPA1 overexpression protects from cyt c mobilization by tightening cristae junctions.
14 OPA1 is also partially associated to the OMM, on its IMS side, where it might interact with Mfn1 to promote fusion of the mitochondrial network, or maintain a physical link between the OMM and IMM. 12, 19 The different localization of OPA1 in the IMS and the multiple functions associated to this protein fit with the existence of 2-5 isoforms, evidenced by Western blot in different cell lines. They might result from alternate splicing of exons (Ex) 4, 4b and 5b in OPA1 mRNA 20 and from intramitochondrial-specific processing. 21, 22 Indeed, two intramitochondrial proteases, the rhomboid-like PARL and the m-AAA Paraplegin, are involved in OPA1 proteolytic cleavage, either to control the apoptotic process or the mitochondrial morphology. 21, 22 These cleavages are partial in normal growth condition and occur in peptides corresponding to Ex5 and Ex5b; consequently, they generate long and short forms for each OPA1 isoform. 21 Together, these data suggest that OPA1 amino-terminal domain, unique among the dynamin family, is critical to specify functional and regulatory mechanisms. In addition, among the almost 100 mutations, spanning the 31 exons of OPA1 (eOPA1 database), 23 identified in autosomal-dominant optic atrophy patients (MIM165500), none involve Ex4b and Ex5b, suggesting that their integrity is a strict requisite for OPA1 functions. Here, we investigate the involvement of the alternate spliced exons in specifying OPA1 functions.
Results
Molecular characteristics of OPA1 mRNA variant and protein isoform sequences. OPA1 and its orthologues, encoded by a single nuclear gene, are the only proteins belonging to the dynamin family that are located inside mitochondria. 7, 24, 25 In yeast, Mgm1 appears in Western blots as doublet, the fast migrating form resulting from the cleavage by a mitochondrial rhomboid-like protease of the slow migrating form. 26, 27 In human and mouse cell lines, previous works have reported the presence of 2-5 different electrophoretic forms of the OPA1 protein, 7, 11, 19 which also result from different proteolytic cleavages. 21, 22 This contrasts with the existence of eight alternative splicing mRNAs that result from the inclusion or the exclusion of Ex4, Ex4b and Ex5b in the open reading frames (Figure 1a) . 20 Amino-acid sequence alignment between human OPA1 and orthologous Figure 1 Schematic representation and sequence analysis of human OPA1 variants. (a) Schematic representation of primary structures of the eight OPA1 isoform aminoterminal regions upstream of the GTPase domain. The arrow indicates the predicted mitochondrial presequence cleavage sites conserved for all isoforms. 7, 21 The black arrowheads show possible cleavage sites in domains 5 and 5b as proposed by Ishihara et al. 21 The triangles show an eventual cleavage site in domain 4b. mRNA variant numbering corresponds to PubMed classification. Histogram represents the relative amount of OPA1 variant mRNAs in HeLa cells. (b) Evolutionary conservation of domains 4, 4b and 5b. Amino-acid alignments of domains 4, 4b and 5b from OPA1 orthologues in Hs, homo sapiens; Rt, Ratus norvegicus; Mm, mus musculus; Dr, Danio rerio; Fr, Fugu rubripes; D.m., Drosophila melanogaster; C.e., Caenorhabditis elegans; S.c., Saccharomyces cerevisiae; S.p., Schizosaccharomyces pombe. No similarity is found between human domain 4b and 5b sequences and protein sequences from non-vertebrate databases. (c) Probability of coiled-coil structure for domain 5b in man and Fugu OPA1 isoforms in mitochondrial fusion or apoptosis A Olichon et al sequences indicated that domain 4, corresponding to Ex4, shares broad homologies among vertebrates, but restricted similarities with invertebrate and yeast sequences (Figure 1b) . Domains 4b and 5b, corresponding to Ex4b and Ex5b, are found only in vertebrate genomes, exemplified here in mammal and fish sequences (Figure 1b) , and are absent from Drosophila, Caenorhabditis and lower eucaryote genomic sequences. The 17 amino acids of domain 4b are well conserved but do not display any specific motif or structure. The first 24 residues of the 37-amino-acid long domain 5b are highly conserved and the whole domain displays a highly conserved coiled-coil structure predicted to homopolymerize (Figure 1c ). To gain insight into the identification of OPA1 variant expression, we performed quantitative polymerase chain reaction (Q-PCR) on cDNA from HeLa cells, using couples of oligonucleotides specific of each of the eight mRNA variants. The OPA1-Ex4 mRNA variant #1 was arbitrarily chosen as reference, as it was the first OPA1 sequence identified (AB011139), 28 and since then selected in most reported OPA1 ectopic expression experiments. Our Q-PCR data suggest that four OPA1 mRNA variants predominate: Ex4, Ex4 þ Ex4b, Ex4 þ Ex5b and Ex4 þ Ex4b þ Ex5b, the other four being 25-40 times less abundant than OPA1-Ex4 mRNA ( Figure 1a and Supplementary Table 1 ). To correlate these mRNA abundances with the five bands observed by Western blots in HeLa cells (denoted 'a' to 'e'), we have taken into account data from OPA1 isoform overexpression ( Figure 2A ) and silencing ( Figure 4A ) experiments, and data reported by Ishihara et al., 21 showing that OPA1 isoforms are present as a large (L) and one or two short (S) forms, resulting from proteolytic cleavages in domains 5 and 5b, when present. In our experiments, we have first overexpressed OPA1 isoforms containing either none (OPA1-0) or one of three domains (OPA1-4, OPA1-4b and OPA1-5b), using the corresponding open reading frames including Ex4, or Ex4b or Ex5b or none, and then knocked down OPA1 mRNAs using Ex4-, Ex4b-and Ex5b-specific siRNAs. Results from overexpression experiments suggest that OPA1-0, OPA-4 and OPA-5b generate L-forms migrating at the level of band 'b', although a little bit lower for OPA1-0, and S-forms migrating as band 'e' for OPA1-0 and OPA1-4 and band 'd' and 'c' for OPA1-5b, as expected and reported. 21 Nevertheless, OPA1-4b overexpression led to a single Sform migrating at the level of band 'd', suggesting that the OPA1-4b L-form is completely processed not in domain 5 as expected, but probably in domain 4b to generate a peptide, which length is compatible with the migration of band 'd' (Supplementary Table 2 ). Assuming this eventual new cleavage site in domain 4b that would prevent the cleavage in domain 5, one can readily analyse the Western blot obtained for the silencing experiment described in Figure 4A (see Supplementary Table 2 ). Together, these data suggest that bands 'a' and 'b' correspond to L-forms and bands 'c', 'd' and 'e' to S-forms resulting from different proteolytic cleavages, which we compiled on Figure 1a .
Phenotype associated to OPA1 variant expression. To address the function of domains 4, 4b and 5b, we compared the overexpression effects of the OPA1-0, OPA1-4, OPA1-4b and OPA1-5b isoforms in fission yeast and HeLa cells. In the Schizosaccharomyces pombe strain deleted for msp1 gene, OPA1-0, OPA1-4 and OPA1-4b expression rescues the absence of the Msp1 protein (Figure 2A ), whereas this was not true when OPA1 ectopic expression is repressed (not shown) or when OPA1-5b is expressed, suggesting that independently of the presence of Ex4 or Ex4b, OPA1 can replace the Msp1 mitochondrial functions, but not when Ex5b is included in OPA1 open reading frame.
We then transfected in HeLa cells vectors expressing each variant and detected the ectopic OPA1 by Western blot and indirect immunofluorescence (IF). Twenty-four hours after transfection, mitochondrial phenotypes were observed using Mitotracker Red staining and IF using OPA1 antibody dilution that barely detects endogenous OPA1 expression. Around 35% of the cells were strongly stained by IF and showed fragmented mitochondrial networks colocalizing with the Mitotracker fluorescence ( Figure 2C (a-h)). Overexpression of OPA1-0, OPA1-4 and OPA1-4b led to intermediate fragmented figures and punctuated mitochondria in almost equal proportions ( Figure 2B and C(a-f)). Cells with a low exogenous OPA1 level had mitochondria appearing as short tubules, whereas cells with high overexpression level had mitochondria appearing as dots (not shown). In addition, expression of OPA1-5b led to a homogeneous phenotype with extremely small vesicular mitochondria ( Figure 2B and C(g, h)), contrasting with the phenotype in surrounding untransfected cells ( Figure 2C , stars), or in YFP-transfected cells ( Figure 2B (i, j)). To address the possible relationship between the mitochondrial network fission and a DC m dissipation, a qualitative analysis was performed using the JC-1 probe. Although no DC m dissipation was observed in control cells, expression of OPA1 isoforms 0, 4 or 4b produced around 15% of cells totally devoid of red JC-1 aggregates. This value reached 30% in cultures expressing the OPA1-5b isoform. As all cells with DC m dissipation displayed a punctuate mitochondrial network and overexpression of OPA1 variants induced fragmentation of the mitochondrial network, we assume that the cells with DC m dissipation correspond to transfected cells and consequently that mitochondrial fragmentation induced by OPA1 isoform overexpression correlates with progressive DC m dissipation (see Supplementary figure). We further examined the effect of the overexpression of OPA1 isoforms on the mitochondrial ultrastructure by TEM. HeLa cells were microinjected with YFP or OPA1 variant expressing vectors, together with immunoglobulin conjugated to 10 nm gold beads to locate injected cells. Cells overexpressing OPA1 had predominantly small spherical mitochondria ( Figure 2D(a-d) ), compared to the filamentous shape of mitochondria in control cells ( Figure 2D(e) ). Nevertheless, although mitochondria of control cells or cells expressing OPA1-0, OPA1-4 or OPA1-4b showed normal cristae structure with a regular shape ( Figure  2D(a-c, e) ), the cristae structure of cells expressing OPA1-5b were dramatically modified, reminiscent of apoptotic mitochondria ( Figure 2D(d) ). To assess possible apoptotic events, we used a direct DAPI-labelling procedure that prevents cells detaching from the support. In HeLa cells transfected by OPA1-0, OPA1-4 and OPA1-4b or YFP, similar background levels of apoptotic-like nuclei, with condensed and fragmented chromatin, were observed. In contrast, 16% of cells transfected by OPA-5b had a phenotype reminiscent of apoptosis ( Figure 3A) . In all cases, treatment with the caspase inhibitor z-VAD-fmk significantly reduced the amount of apoptotic cells, suggesting that the previous apoptotic process involved activation of caspase cascades. The apoptotic nuclear phenotype correlated with cyt c release in the cytoplasm in cells overexpressing OPA1-5b (9%) ( Figure  3B (j-l)), whereas no cyt c release was observed in cells transfected with the other variants ( Figure 3B(a-i) ) or in control cells. Thus, independently of the presence of the alternate domains, overexpression of the different OPA1 variants induced a membrane potential dissipation and fragmentation of the mitochondrial network. In addition, the overexpression of OPA1-5b induced an apoptotic process with major cristae remodelling and cyt c release, suggesting that domain 5b interacts with the apoptotic process.
Phenotype associated to OPA1 alternate splicing exon silencing. To further investigate whether specific functions are associated with OPA1 domains, we selectively inhibited the expression of the endogenous OPA1 variants. Three siRNAs: siEx4, siEx4b and siEx5b were transfected into HeLa cells, and their effects studied 72 h later in comparison with an siRNA targeting all OPA1 variants (OPA1-siRNA) and a scramble siRNA. 11 Silencing of OPA1 variants that contain the Ex4 led to the disappearance of the four most abundant OPA1 isoforms, while silencing of variants containing the Ex4b and Ex5b led to a pattern compatible with the target sequences ( Figure 4C and Supplementary Table 2 ). Examination of mitochondrial network morphology with Mitotracker Red showed that control cells had a filamentous mitochondrial network, whereas virtually all cells transfected with siEx4 or OPA1-siRNA showed a punctuated mitochondrial network ( Figure 4B(b, e) ). Conversely, cells transfected with either siEx4b or siEx5b showed a highly filamentous mitochondrial network ( Figure 4B(c, d) ), which appeared even thinner and more interconnected than in control cells ( Figure 4B(a) ). DC m measurement was performed by a spectroscopic quantitative approach using the JC-1 probe ( Figure 4C ) assessing the red to green fluorescence ratio. Significant DC m dissipation was observed in cells transfected with the siEx4 and was more extensive in cells transfected with OPA1-siRNA, consistent with the fragmented mitochondrial phenotype. In cells transfected with siEx4b and siEx5b, only a slight decrease of the DC m was found, compared to cells transfected with the scramble siRNA. Labelling chromatin with DAPI revealed that a significant proportion ( Figure 4B , top graph) of the cells transfected with siEx4b, siEx5b or OPA1-siRNA showed condensed and fragmented chromatin, a phenotype reminiscent of apoptotic cells ( Figure 4B(f) ), which was absent from cells transfected with siEx4 or the scramble siRNA. To confirm that downregulation of OPA1 variants containing Ex4b or Ex5b induced apoptosis, we assessed by Western blot the PARP cleavage that indeed correlates with the apoptotic phenotype ( Figure 4A ). In addition, concomitant treatment with z-VAD-fmk induced a global 80% reduction of apoptosis in cultures treated with siEx4b, siEx5b and OPA1-siRNA, suggesting that the apoptotic process involve caspase cascades ( Figure 4B , bottom graph). To further study, the apoptotic process, we monitored in transfected cells the status of the cyt c, using specific antibodies, and the Mitotracker dye ( Figure 5B ). In control and siEx4-transfected cells, cyt c IF perfectly colocalized with the Mitotracker fluorescence in mitochondria. In siEx4b-and siEx5b-transfected cultures, some cells (6%) showed partial release of cyt c (phenotype a) with the mitochondrial network still highly tubular. Very few cells (o0.5%) showed a complete release of cyt c and Mitotracker fluorescence into the mitochondria (phenotype b). In addition, we evidenced cells (42%) with a uniform cytoplasmic cyt c fluorescence and an unusual uniform cytoplasmic Mitotracker fluorescence (phenotype c), suggesting that in these cells the membrane potential was beyond the minimal level required for the Mitotracker accumulation into mitochondria. In cells treated with the OPA1-siRNA, a significant proportion showed a partial (7%) or complete (22%) release of cyt c, with always a uniform Mitotracker fluorescence in the mitochondrial network. Finally, we explored the mitochondrial ultrastructures by TEM ( Figure  4B(g-k) ). Consistent with former observations, mitochondrial shapes were tubular for control cells and siEx4b-and siEx5b-transfected cells ( Figure 4B(g, i, j) ), and spherical in siEx4-and OPA1-siRNA-transfected cells ( Figure 4B(h, k)) . Surprisingly, no major perturbations of the IMM structure, and in particular of the cristae morphology, were observed in cells transfected by the exon-specific siRNAs or in control cells ( Figure 4B(g-j) ), in contrast to cells transfected by the OPA1-siRNA ( Figure 4B(k) ).
Abundance of OPA1 mRNA variants in different human organs. Although mitochondria from different cell types and organs present sometimes highly different membrane structures and consequently bioenergetic capacities, our knowledge on the actors that define the IMM and OMM shapes remains evasive. To provide insights into this question, we have monitored by Q-PCR the relative abundances of OPA1 variants in cDNAs from different organ ( Figure 6 and Supplementary Table 1 ). Our data, calculated in reference to OPA1-Ex4 variant, show great variability according to the organ, although Ex4-containing mRNAs are systematically abundant. Nevertheless, in the liver, kidney and thymus, the presence of Ex5b predominates among all variants, whereas in the brain, Ex4b is highly expressed and Ex5b barely detected. Finally in the heart, Ex4 predominates, with under representation of Ex4b and Ex5b. Together, these results suggest that the mitochondrial fate might be regulated by selective alternate splicing of OPA1 mRNA.
Discussion
IMM dynamic regulation is of crucial interest, as this membrane participates both in the global mitochondrial network dynamic, probably by indirect interactions with the OMM, and to more intimate mechanisms associated to the cellular bioenergetic status and the apoptotic process. To date, few actors of the IMM dynamic have been identified in mammal cells, among them the MTP18 protein, 29 the mitofilin 30 and OPA1. The fact that the OPA1 protein exists as eight different isoforms in vertebrates suggests that these proteins can fulfil different functions inside mitochondria.
OPA1 involvement in mitochondrial network dynamic and DW m maintenance. Our results from OPA1 variant expression experiments showed that, whatever the isoform, OPA1 overexpression in cells with tubular mitochondria as HeLa cells induced fission of the mitochondrial network. This was already observed by others, 15 and suggests that drastic increase of OPA1 abundance interfere with endogenous OPA1 and has an indirect negative effect on the ability to fuse the mitochondrial network. Indeed, in cells with OPA1 isoforms in mitochondrial fusion or apoptosis A Olichon et al physiologically punctuated mitochondria, as Cos7, increasing OPA1 expression induces the fusion of the mitochondrial network. 7 In addition, we and others have shown that the global disruption of OPA1 expression by siRNA blocks mitochondrial fusion. 11, [15] [16] [17] [18] In this work, we reported that the silencing of OPA1 variants containing Ex4, which encode the most abundant isoforms in HeLa cells, induces a similar mitochondrial fragmentation and DC m dissipation, without consequence on cyt c release and apoptosis. This suggests that Ex4-containing variants are required to maintain the network in a fusion state. Because no modification of the IMM structure was detected by conventional TEM, one can speculate that the silencing of Ex4-containing OPA1 isoforms affects the IMM integrity and bioenergetic status that would 10 Alternatively, domain 4 might be required to interact with the Mfn1/Mfn2 protein to promote mitochondrial fusion. 12 In both cases, the presence of domain 4 in OPA1 specifies functions associated with the DC m maintenance and fusion of the mitochondrial network, functions that have been associated to OPA1 orthologues throughout evolution. 24, 25, 31 Conversely, results from Ex4b and Ex5b silencing experiments exclude their involvement in the fusion process or in the membrane potential maintenance.
OPA1 involvement in the apoptotic process. Our results from OPA1-5b overexpression and Ex4b and Ex5b silencing evidenced two types of apoptotic processes based on cyt c release and caspase cascades. The first one, already described for the silencing of all OPA1 isoforms, is similar to that found for overexpression of OPA1-5b and corresponds to most apoptotic processes described in the literature.
1,2 Cells undergo mitochondrial fission, DC m dissipation, cytoplasm shrinkage, major modifications of the cristae structure and rapid and complete cyt c release to terminate with nuclear fragmentation. Our results from OPA1-5b overexpression suggest that domain 5b has a specific function or conformation that might affect the sequestration of cyt c in vertebrate cells and confer to OPA1 a property incompatible with the rescue of msp1 deletion in fission yeast. The second form of apoptosis was observed when OPA1 variants containing Ex4b or Ex5b were silenced. In these experiments, cells undergo apoptosis without mitochondrial network fission, without major DC m dissipation, with very few cells showing complete cyt c release and without major modifications of the cristae structure. These observations suggest that discrete modifications of the IMM, undetectable by conventional TEM, are sufficient for a progressive, probably slow process of cyt c mobilization and release, which do not affect immediately other processes associated with IMM integrity. The fact that cyt c release occurs as a slow process when mitochondria are tubular might illustrate why in most apoptotic process extensive cyt c release is concomitant to the mitochondrial network fission. In this respect, our observations converge with the fact that apoptotis can be strongly inhibited when OMM fission is suppressed by the downregulation or mutation of fission actors, as Drp1 and hFis1. 6, 32 Slow cyt c release has also been observed in neurones treated with low doses of rotenone, a powerful respiratory complex 1 inhibitor, suggesting that cyt c release is not always an 'all-or-none' process 33 and that tight regulation of cyt c sequestration can be achieved by mild modifications of OPA1. The maintenance of a tubular network in siEx4b and siEx5b correlates well with the maintenance of the DC m , although in some cells we observed a complete dissipation of DC m that might be correlated to the ultimate lack of cyt c in the mitochondria and consequently respiration impairment. As the absence of domain 4b or 5b led to this apoptotic process, one might speculate that OPA1 isoforms including these domains have a specific and restricted function in trapping cyt c inside the mitochondria and in particular within the cristae. Because cristae junction remodelling, cyt c release during Figure 6 Relative abundance of OPA1 mRNA variants in human tissues. cDNA were retro-transcribed on total RNA from human brain, heart, liver, kidney and thymus. Q-PCRs were performed on identical amounts of cDNA, using couples of oligonucleotides specific of each OPA1 variant. OPA1-Ex4 mRNA abundance was arbitrarily set to 1 and used to calculated the other isoform abundances OPA1 isoforms in mitochondrial fusion or apoptosis A Olichon et al apoptosis 3, 9, 13 and alternate splicing in OPA1 have only been described in vertebrates, we propose that these processes result from co-evolution and constitute a vertebrate-specific mechanism controlling segregation of cyt c. Domain 5b that is predicted to form a homopolymerizing coiled-coil structure might induce a higher level of OPA1 assembly compatible with the tight structure 'plugging' cristae junction. Its absence would mobilize cyt c into the IMS and allow a subsequent slow release into the cytoplasm, without initial modification of other mitochondrial functions. Similarly, domain 4b could positively regulate this complex structure and we can hypothesize that it might be the target of proapoptotic proteins, as tBid or Bik, 3, 9 to further dismantle domain 5b coiled-coil polymers and mobilize cyt c in the IMS.
Uncoupling mitochondrial fusion/fission process from apoptosis. Results from OPA1 mRNA-specific silencing experiments have shown that by acting on different OPA1 isoforms, one can induce mitochondrial fission without inducing apoptosis, and conversely, induce apoptosis without mitochondrial fission. These observations are consistent with the existence of two different pathways regulating the different OPA1 isoforms and supported by the recent identification of the PARL and Paraplegin proteases, respectively, as OPA1-specific processors involved in and exclusively apoptosis and mitochondrial morphology. 21, 22 We can speculate from these and our works that the PARL cleavage might target OPA1 domains involved in specifying apoptotic functions (domains 4b and 5b) and that the Paraplegin cleavage might affect an OPA1 evolutionary conserved domain, which is proposed to be domain 5. 21 Future experiments that will uncover the proteins interacting with OPA1 amino-terminus region will shed light on these hypothesis.
Mitochondrial fate associated to OPA1 alternate splicing. Finally, our observations that OPA1 variants greatly vary between organs suggest that mitochondrial fusion and susceptibility to apoptosis might be basically regulated by the nuclear splicing machinery, and consequently that the relative abundance of each OPA1 isoform can contribute to adapt mitochondrial dynamic to cell types and growth conditions. In this respect, characterization of the expression levels of each variant in human retinal ganglion cells might contribute to identify the pathophysiological mechanism responsible for their susceptibility to degeneration in OPA1-associated inherited optic neuropathies. In addition, these data reinforce the concept that mutation in either OPA1 intronic sequences involved in splicing regulation or in genes coding for splicing effectors could potentially be pathogenic.
Materials and Methods
Antibodies. OPA1 antibodies were described previously. 7 Commercial antibodies were from the sources indicated: monoclonal anti-cyt c (Promega), polyclonal anti-cleaved PARP (Promega), monoclonal anti-actin (Chemicon), Alexa-594 anti-rabbit IgG and Alexa-488 anti-mouse IgG (Molecular Probes), anti-rabbit IgG-HRP and anti-mouse IgG-HRP (New England Biolabs).
Plasmid constructions, oligonucleotides and siRNA sequences, and Q-PCR. OPA1 variants were cloned by RT-PCR using oligonucleotides situated in the Ex3 and Ex5 to amplify sequences either containing or not Ex4 and Ex4b, and oligonucleotides situated in Ex5 and Ex9 to amplify sequences either containing or not Ex5b. All amplified fragments were cloned in the topo-pCRII vector (Invitrogen), sequenced and recombined in OPA1 open reading frame to provide the four transcripts OPA1-0, OPA1-4, OPA1-4b and OPA1-5b. They were further subcloned in the pREP41 and pCCEY plasmids.
Oligonucleotide sequences to perform Q-PCR were: SEx3-5, 5 0 -GAGTATATC GATTTTGGTTCTC-3 0 ; SEx4-5; 5 0 -CTTTTTTACCTCAGGTTCTCC-3 0 ; SEx3-4b; 5 0 -GAGTATATCGATTTTGGTCACA-3 0 ; SEx4-4b; 5 0 -GACTTTTTTACCTCAGGT CAC-3 0 ; ASEx5-6; 5 0 -CTCTTTGTCTGACACCTTTCT-3 0 ; and ASEx5-5b; 5 0 -TCACCAAGCAGACCCTTTCT-3 0 . cDNAs were synthesized from HeLa cell total RNA or from commercial human organ RNAs (Clontech) using the Superscripts II reverse transcriptase (Invitrogen). Triplicate Q-PCR were performed using the four different sense primers and the two antisens primers, and the Master plus SYBR Green I kit, in a LightCyclers FastStart DNA devise (Roche Applied Science). Q-PCR products were systematically checked on 2% agarose gels. siRNA (Dharmacond Research) exon-specific sequences are 5 0 -AAGATTGTT GAAAGCCTTAGCTT-3 0 for Ex4, 5 0 -AAGTCATAGGAGCTTCTGACCTA-3 0 for Ex4b and 5 0 -AAGAGGAAGCGCGCAGAGCCGCT-3 0 for Ex5b.
Fission yeast complementation test, HeLa cell culture and transfection, and Western blots. Diploid fission yeast strain deleted for msp1 were transformed by the pREP41-OPA1-(0, 4, 4b or 5b) or pREP41-msp1 plasmids, then induced to sporulate. Five thousand spores from each transformation were spotted on EMMA medium to select for haploid cells deleted for msp1 and expressing the different OPA1 variant. 34 HeLa cells were cultured in DMEM, 10% FCS and 5% CO 2 . Transfections of HeLa cells were performed with Lipofectamine 2000s reagent (Invitrogen). siRNA (Dharmacond Research) experiments were carried out as described previously with some modifications. 11, 35 Final concentration of the siRNA duplex in culture medium was 100 nM. Inhibition of caspases was obtained with 100 mM z-VAD-fmk (Calbiochem). To detect OPA1 and actin by Western blots, transfected cells were harvested, washed once in PBS and equal amounts of proteins were solubilized in 50 ml Laemelli sample buffer and boiled for 10 min. Samples were run on 7% polyacrylamide gels and transferred to nitrocellulose. Immunodetection (anti-OPA1: 1/2000 for overexpression experiments and 1/400 for RNAi; anti-actin: 1/10 000; IgG-HRP: 1/10 000) was carried out using ECL (Amersham Pharmacia Biotech). PARP detection was performed according to the protocol from Promega (anti-PARP: 1/400).
Microscopy. For indirect immunofluorescent microscopy, cells grown on glass coverslips were fixed in PBS, 3.7% paraformaldehyde (30 min, 41C), permeabilized in PBS, 0.2% Triton X-100 (10 min, room temperature) and immuno-labelled in PBS, 2% BSA, using the following antibodies (OPA1: 1/800; cyt c: 1/1000; Alexa-594 anti-rabbit IgG: 1/600; Alexa-488 anti-mouse IgG: 1/600) and stained with DAPI (0.1 mg/ml). For direct labelling procedure of mitochondria and chromatin, cell cultures were stained using 100 nM CMXros Mitotrackers Red (Molecular Probes) for 30 min, then fixed and DAPI stained. In all experiments, phenotypes were counted on 300 cells in duplicate or triplicate experiments. Statistics were performed using the one way ANOVA test, followed by the Dunnett test with Po0.05. To analyse the DC m , cells were incubated 20 min with 5 mg/ml JC-1 (Molecular Probes) in culture medium and either directly observed in microscopy in culture medium without phenol red (Gibco) or subsequently collected, washed in PBS and processed for fluorescence analysis on an Ascent Fluoroscan using the Ascent Software (excitation 488 nm; emission 538 and 590 nm). The ratio of the fluorescence at 590 nm, proportional to the DC m , to that at 538 nm, proportional to the mass of mitochondria, was calculated from triplicate values obtained in the course of three independent experiments. Fluorescence images were acquired and processed using a Leica DMIRE-2 microscope.
For TEM, cells were transfected either by siRNA and analysed 72 h afterwards or microinjected using a Zeiss Axiovert microinjector with the different plasmids in the presence of anti-rabbit antibodies conjugated to 10 nm gold beads (EMS) and harvested after 24 h. Cells were fixed for 2 h with 4% glutaraldehyde in sodium cacodylate buffer, post-fixed for 1 h with 1% osmium tetroxide, dehydrated and embedded in Epon (EMS). Thin sections collected onto nickel grids were stained with 1% uranyl acetate and 0.3% lead citrate, and observed in a JEOL-1200 EX electron microscope at 80 kV.
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